Applying Maxwell-Garnett' s effective medium model, we theoretically study the optical properties of graphene with gold nanoparticles as a function of the particle volume fraction, size of the particles, chemical potential, and temperature. To account for the visible spectrum at energies less than 3 eV, we consider up to the second order of the optical conductivity calculated using the tightbinding model. Randomly distributed gold nanoparticles have a strong influence on the optical responses of graphene, such as its absorption, reflection, and transmission, thus allowing enhanced optoelectronic properties. We find that the composite can be made to serve as a potential tunable photonic material for a reflective optical modulator by controlling the local plasmonic resonance of the nanoparticle, volume fraction, and chemical potential.
I. INTRODUCTION
Graphene is an atomically thin material which is made only of carbon atoms arranged in a hexagonal lattice [1] . It has been attracting much attention as a candidate for future electronic material because of high carrier mobility, high optical transparency and exceptional mechanical flexibility and strength [2] [3] [4] [5] [6] [7] . In addition, wideband absorption [8] and high carrier mobility [9] allows graphene to be considered as a new material for wideband and ultrafast photodetectors [10, 11] . Recent studies have demonstrated highly enhanced multi-color * E-mail: cwlee42@hanbat.ac.kr † E-mail: hjjeong@ust.hk graphene photodetectors by coupling graphene devices with plasmonic structures [12, 13] .
From electronic point of view, metal nanoparticles over graphene sheet can supply carriers to the graphene and can change Fermi level (i.e. chemical potential) [14] . The carrier type depends on the metal types and distances.
At the same time, the metal nanoparticles have strong local surface plasmon polaritons, which significantly alters optical properties and local density of states. Even though the optical effect of the metal nanoparticles on graphene has been widely studied experimentally [14] [15] [16] [17] [18] , it is surprisingly rare to find comprehensive theoretical studies for optical responses of the composites with respect to particle volume fraction, the size of the par-ticles, chemical potential, and temperature. In this article, we theoretically investigated optical properties of the composite of a graphene sheet with gold nanoparticles, by applying the Maxwell-Garnett theory. This paper is organized as follows. First, we briefly review the optical conductivity of the suspended graphene and the size-effect of the gold nanoparticles as a two-dimensional effective medium. Then we get the total conductivity of the graphene with gold nanoparticles. Third, we show normal incidence absorptance, reflectance, and transmittance spectra of the system consisting of air, nanoparticles, graphene and glass substrate under several different conditions: particle volume fraction, size of the particles, and chemical potential. We will discuss the temperature effect and the validity of the effective medium theory.
II. BRIEF REVIEW ON THE OPTICAL PROPERTIES OF THE SUSPENDED PURE GRAPHENE
Tight-binding model is a good theoretical basis to explain low energy optical properties of the intrinsic graphene [19] [20] [21] [22] [23] . For excitation and relaxation less than 1 eV, Dirac-cone approximation successfully explains a number of optical phenomena. For more than 1 eV, though, considering the leading order term only is not sufficient. In our calculation, we included the second order term of the tight-binding model to account for the visible range of spectrum. For higher energy E > 3.1 eV, the optical conductivity enhances owing to the increased electronic joint density of states toward van Hove singularity owing to strong carrier-carrier interaction [19] . Therefore, we restrict ourselves to the visible spectra (1.2 eV < E < 3.1 eV).
In the limit of T /µ → 0, the optical conductivity is given by intraband and interband contributions [22] : where σ 0 = e 2 /4ℏ is termed the ac universal conductivity of the graphene. (e is the charge of an electron, ℏ is Plank constant.) The Eq. (1) shows Drude-like formula responsible for interband processes. We will set γ = 0
under an assumption that the collision rate of carriers is less than the frequency, γ ≪ ω. The θ(x) in Eq. (2) is Heaviside-step function, which determines the energy for Pauli blocking, which means the optical interband transition can only occur for frequencies larger than twice the Fermi energy, as shown in Fig. 1(a) . The Eq. (1) and (2) are effectively valid for zero temperature and infrared region of the optical spectrum. We need corrections to employ the temperature dependence in order to account for temperature increase under irradiation [23] . Then real and imaginary parts of the optical conductivity become,
where k B is the Boltzmann constant, t is the hopping parameter connecting first-nearest neighbors with value of the order 3 eV, ρ(E) is the density of states per spin per unit cell, f F D (x) = 1/(e (x−µ)/kB T + 1) is the Fermi-Dirac function and T is the electron temperature, respectively. Here the unknown function is defined as f (x) = 18 − 4x 2 . As temperature increases, the Heavisi de-step function used in the optical conductivity (originated from the interband transition) becomes smeared out at finite-temperature at ℏω = 2µ in Eq. (2), as shown in Fig. 1(b) and (c).
III. EFFECTIVE MEDIUM APPROACH FOR GRAPHENE AND GOLD NANOPARTICLE SYSTEM
In this section, we derive the conductivity of the graphene with gold nanoparticles by applying the Maxwell-Garnett effective medium approach. We assume the hybrid system is composed of air, nanoparticles with radius R ≈ 10 nm, and pristine graphene, as shown in Fig. 2(a) and (b) .
Unlike gold bulk, the gold nanoparticle has sizedependent optical properties owing to the quantum and classical size effects [24] . It is known that the quantum size effect is negligible for R > 2 nm [24] . Therefore, we only consider the classical size effect via the sizedependent scattering in the Drude-Lorentz model, which agrees well with the previously reported experimental data [25] [26] [27] . When the size of the gold nanoparticle is smaller than the mean free path, the size-dependent scattering at the boundary gives a contribution to the dielectric functions of a gold nanoparticle. 
is the experimental dielectric function [30] , and ω p ≈ 1.3 × 10 16 (Hz) is the bulk plasmon frequency of gold [28] . (Here, the Γ = γ 0 + A × v F /a is modified collision frequency by the size-dependent scattering, where a is the reduced electron mean free path and A is the geometry-dependent parameter. Here, a = 2R and A = 1.)
Fig. 2. (Color online) (a)
The hybrid system is composed of air, nanoparticles, graphene, and a glass substrate. The radii of the nanoparticles are assumed to be in the order of 10 nm. For smaller than 2 nm radii, quantum size effect should be considered. (b) We assume the gold nanoparticles are well ordered, compatible with the assumptions of Maxwell-Garnett effective medium theory (Left). If the gold nanoparticles are sunk or overlapped, the validity of our assumption fails (Right). Real (c) and imaginary (d) part of the conductivity spectra in the visible region as a function of volume fraction of the composite; 0% (black), 20% (red), and 40% (green), respectively. The temperature is at 373 K and the chemical potential is 0.775 eV. The radius of the particle is 10 nm. With increasing volume fraction, the real part of the conductivity increases and the peak shifts to red. The inset in (c) shows the smeared Heaviside-step functions near 800 nm. The imaginary part of the conductivity decreases and the peak point is also red-shifted as the volume fraction increases. The inset in (d) shows the smeared feature near 800 nm, which was originally observed from the pure graphene as a singular point.
In carrying out calculation, three more assumptions are made. First, the single-particle scattering approach based on Mie scattering is neglected since the interparticle spacing which is the order of 100 nm is significantly smaller than the wavelength considered (400 ∼ 1000 nm). Second, we neglect the effect originated from the ordered distribution of metal nanoparticles. Therefore, any photonic band effect can be ignored. Third, each metal nanoparticle behaves like dipoles during the whole process of excitation and relaxation [29] . Under these assumptions, classical Clausius-Mossotti formula for polarizability of small particles α
holds, where V is the particle volume, ε and ε m are the permittivities of the particle and the surrounding medium, respectively (Here, ε m = 1). Using the Clausius-Mossotti formula and introducing the volume fraction of the inclusions f , we can obtain MaxwellGarnett formula
where ε e f f is the effective dielectric function of the gold nanoparticle thin film.
The validity of our assumptions can be justified by recently available experimental conditions. First, the gold nanoparticles smaller than 10 nm show strong dipolar resonances in the quasi-static limit (2 R ≪ λ) [25] . Second, evenly, but not lattice-like distributed gold nanoparticles can be achievable by various lithographic techniques such as block co-polymer method [29] . Therefore, effective local electric field experienced by each particle can be assumed to satisfy Lorentz cavity condition. Even though the original Maxwell-Garnett effective medium theory is valid for very small volume fraction (f < 0.01) [30, 31] , it has been known that Maxwell-Garnett theory can successfully explain the gold nanoparticle thin film (without graphene) very well up to volume fraction f = 0.5 [29] . Calculating dynamic dielectric constants of composite structure requires detailed band structure calculation and exact nanoparticle configurations on the graphene. Instead, we use simpler alternative way of calculating total optical conductivity by Fresnel's approach for mixing two layer's optical properties. We can imagine a Lorentz cavity for two-dimensional spheres since the thickness of the film consisting of gold nanoparticles is much smaller than the wavelength we consider. We describe it with the two-dimensional in-plane (or surface) conductivity σ (2D) using the following two relations: The first relation is the relation between complex (effective) dielectric function and three-dimensional conductivity σ (3D) , as shown in Eq. (8) . The second relation connects 2D conductivity and 3D conductivity with the thickness h = 2R, as shown in Eq. (9) .
Combining these relations in Eq. (8) and (9), we can obtain the two-dimensional in-plane conductivity of the gold nanoparticle thin film:
Now we assume the incident electromagnetic field is in parallel to the plane so total conductivity can be obtained by the sum of each conductivity such that:
This assumption is based on the interlayer coupling is much smaller than the incident optical energy [32] . We note that inclined illumination on the composite would increase coupling between graphene and individual metal nanoparticles. We note that this calculation provides surprisingly good agreements with recent experimental data [13] . We also note that the addition of two optical conductivities can only be validated in the linear response regime and under the quasi-static limit.
IV. THE OPTICAL CONDUCTIVITY OF THE GRAPHENE WITH AU NANOPARTICLLES AT ROOM TEMPERATURE
From now on, we assume the whole system is in thermal equilibrium to make the electronic temperature T same as the phonon temperature of the system. This can describe the situation when the external light at constant intensity is incident on the graphene. Fig. 2(c) and (d) show the real and imaginary part of the conductivity as a function of the volume fractions of the gold nanoparticles at 373 K, respectively. As the volume fraction of the gold nanoparticles increases, several interesting properties in the total conductivity emerge: First, the real (imaginary) values increase (decrease) drastically for more than 1000%. Second, conductivity peaks, which give selectivity to the system, are red-shifting. Third, step-like behavior at ℏω = 2µ becomes smeared out (See black line near 800 nm in the Fig. 2(c) and (d) ).
It is informative to compare these radical changes in the optical conductivities with well-known chemical potential shift µ on the suspended graphene by gating electric field [33] [34] [35] . For the gated graphene, the step-like singular features in the spectra show blue-shift as chemical potential increases. If we compare optical conductivities of intrinsic graphene at 0.78 eV (black) and 1.13 eV (red), as shown in Fig. 3 , about 2% of the change can be obtained in the internal between 550 ∼ 800 nm.
However, approximately 10% of the conductivity change can be obtained with 10% volume fraction of the gold nanoparticles for spectral region 500 nm or less. (See green (10% at 0.78 eV) and blue (10% at 1.13 eV) in As the volume fraction increases absorption and reflection (transmission) increase (decreases) and the peak points are red-shifted. The peak point in the absorptance spectra lies at 515 nm and 526 nm for volume fraction 20% and 40%, respectively. These absorptance spectra support the experimental data [13] . The inset shows the smeared Heaviside-step functions near the 800 nm. (d) The resonance peak positions show slight red-shifts with increased volume fraction.
except for the case when the location of the slope and the plasmonic resonance happens to coincide. Experimentally, the chemical doping effect of the gold nanoparticles on the graphene is controversial. There are many pieces of evidence for different doping effects of the gold nanoparticles on the graphene depending on the configuration and distances [36] [37] [38] [39] . This effect would eventually break the symmetry of the optical conductivity spectra described as a function of the chemical potential. Note that our model does neither consider the local doping effect of the gold nanoparticles nor discriminate the pure optical effects from the gold nanoparticles and the roles as local dopants. However, the local doping effect has known to show a dramatic change of the optical response of the graphene mostly by enhancing carrier concentration of the graphene [40] [41] [42] . The effect of gold nanoparticles on the graphene sheet has been interpreted as local charge reservoirs for enhancing carrier concentration of the graphene [42] .
Optically, gold nanoparticles can work as local dipole antennae that efficiently capture incident electromagnetic waves and excite localized surface plasmons [13] . Even though we are not trying to clarify the role of the gold nanoparticles by discriminating doping effect versus antenna effect, we emphasize that altered optical conductivity and the doping effect share common background on the total response of the composite: plasma frequency ω p . The plasma frequency of the whole system may share information of the Drude-like optical response as well as the information of free carrier density of the composite. Clarification of the role of gold nanoparticles is still an open question. , the reflectance (c), and the transmittance (d) spectra of the graphene + gold nanoparticle composite system. As the chemical potential increases, the step-like behaviors are blue-shifted. Note that the reflectance spectra are affected by both real and imaginary part of the conductivity whereas the absorptance spectra show feature originated only from the real part of the conductivity.
V. TRANSMITTANCE, REFLECTANCE, AND ABSORPTANCE OF THE EFFECTIVE THIN LAYER
In this section, we study the physically observable properties: Transmittance, reflectance, and absorptance under normal incident light. The considered system is same as the previous composite material made of air, gold nanoparticles, graphene, and glass substrate (as shown in Fig. 2 ). The refractive indices of air and SiO 2 are chosen as n 1 = 1 and n 2 = 1.4. Solving the Maxwell equations with an appropriate boundary conditions for normal incident light gives the transmittance, reflectance, and absorptance [23] :
where σ(ω) is the total surface conductivity of the graphene with gold nanoparticles. When the
cε0 is small we can obtain an approximate expression for T as photodetector [12, 13, 43] .
Let us consider the effect of the size of the gold nanoparticles. For simplicity, we assume that the gold nanoparticles are spread randomly, but uniformly on graphene with average lattice spacing a = 80 nm. Then, the volume fraction is given by Fig. 3(a) . However, reflectance spectra are affected by both the real and the imaginary values of the conductivity (See Eq. (13) and Fig. 6(c) ). From the transmittance spectra, the low energy transmittance asymptotically ap-
where α is the fine structure constant [8, 44] . This transparency condition is a unique feature from twodimensional materials, and our composite material shows similar characteristics. However, it should be noted that the absorptance of the composite is not πα anymore like the case of pure graphene. We obtain a non-negligible reflection from the composite as shown in Fig. 6 The chemical potential is set to 1.13 eV. As temperature goes down, the step-like behaviors may be seen from non-zero volume fraction samples.
in Fig. 8 . With gold nanoparticles, though, this feature would be submerged into the predominant plasmon resonance peak. With 10% of volume fraction, a small change of the slope might be observable at 10 K. However, the optical properties of the composite at low temperature are essentially same [24, 45] .
VI. CONCLUSION
In this paper, we used Maxwell-Garnet effective 
